The structural integrity of the cornea and transparency are critical for normal vision. Corneal evaluation in ophthalmology and clinical research requires fast and user-friendly techniques allowing accurate diagnoses and follow-up of pathologies, injuries or surgery. Macroscopic irregularities in the anterior corneal surface are the main cause of irregular refractive vision problems. The microscopic and nanoscopic irregularities within the three-dimensional architecture of cornea are the cause of loss of optical transparency and scattering. In this review, the state of the art of the different corneal imaging techniques with three-dimensional capabilities will be detailed and discussed according to the descriptive level of analysis: macroscopic, microscopic and nanoscopic scales.
Background
The cornea is the first lens of the human eye providing the two-thirds of the total refractive power of the eye and allows focusing the light on the retina [1] . In healthy conditions, the integrity of the tear layer coating, the corneal epithelium, the macroscopic regularity of the 3D anterior surface the absence of vascularization and the regular arrangement of stromal collagen are crucial for optical transparency and good retinal image quality.
The fourth leading cause of blindness of the world is due to corneal affections [2] , traumatic injuries and degenerative pathological processes such as keratoconus [3] , keratitis [4] , Fuch's disease and ocular herpes [5, 6] cause corneal anomalies that can compromise the corneal imaging function leading to a surgical transplantation in advanced stages.
Corneal biomechanics analyses the response of the corneal stability and physiological dynamics when an external pressure or force is applied to the tissue. Both refractive power, shape and curvature can be drastically modified if the corneal biomechanics are altered due to dystrophy conditions, chemical burns [7] or elevated intraocular pressure [8] . Those structural modification lead to optical aberrations and scattering (loss of transparency) compromising the quality of vision.
Another important clinical factor is related to laser-assisted surgery procedures, widely employed to correct the ocular refractive errors. Current techniques, such as SMILE or LASIK, require cutting the corneal stroma altering the stiffness and elasticity, and this may hazard the biomechanical stability [9] increasing the risk of corneal ectasia.
Today, the majority of clinical diagnoses and follow-up of corneal pathologies or surgeries are being done by means of macroscopic observation of corneal integrity.
However, regarding long-term corneal diseases, such as keratoconus, the macroscopic techniques are inefficient as the very early stages of the disease course without loss of transparency, severe corneal deformation or macroscopic clinical signs. In this sense, microscopic imaging techniques provide collagen visualization at submicron resolution within the lamellae and therefore, tracking the microscopic restructuring of collagen before the clinical signs appears. Microscopic analysis level is also adequate to evaluate the cellular matrix [10] , the stromal arrangement after refractive surgery [11] or corneal transplantation.
On the other hand, the shape of the cornea is critical to focus the light on the retina correctly, but its transparency arises from This article is part of the Topical Collection on Imaging * Francisco J. Ávila avila@unizar.es the architecture of collagen at molecular level so only nanoscopic techniques can reveal the corneal ultrastructure. The aim of this review is to describe and discuss the current state of knowledge about imaging techniques with threedimensional capability to characterize the hierarchical structure of the cornea, from macroscopic to nanoscopic methods.
Macroscopic Techniques

Slit Lamp Biomicroscopy
The slit lamp biomicroscope (SLBM) consists on a binocular microscope acting as viewing system and a slit illumination arm [12] . The illumination can be rotated about the observation axis providing wide-range viewing angles of the anterior segment of the eye that can be combined with different magnifications (usually from × 6 to × 40) and slit widths. This technique allows visualizing the anterior segment of the eye by observing the backscattered light from corneal crystalline structures.
The main applications can be found in ophthalmic and optometric clinical practices as supply fast and global assessment of the whole cornea, identification of opacities or injuries and evaluation of contact lenses fitting [12] .
One of the main advantages is the real-time visualization of the bulk of the corneal thickness while the clinician is interacting with the patient. Although specular reflection modality allows visualizing the endothelial cell mosaic [13] , SLBM is considered in this review as macroscopic technique since the 3D spatial resolution does not provide clear microscopic information of the corneal structure. The main reason is that the contrast mechanism is not enough to discriminate the corneal layers or to visualize cellular or extracellular matrix components of the stroma.
Ultrasound Biomicroscopy
Ultrasound biomicroscopy (USBM) is a commercially available technology that employs a broadband MHz ultrasound transducer with B-scan mechanisms to acquire 3D reconstruction sequences [14] . USBM provides quantitative characterization of the thickness and edge geometry of the entire cornea [14, 15] ; however, the spatial resolution does not provide a view of microscopic structures (see Figs. 1, 2 and 3); therefore, in this review, USBM is considered as macroscopic imaging technique. The full-field corneal pachymetry capability permits the evaluation and follow-up of corneal pathologies such us oedema, Fuchs' dystrophy, keratoconus or ectasia.
From the patient point of view, one of the main disadvantages is the mandatory topical application of anaesthesia as the technique requires contact with corneal surface and this implies difficult repeatability [16] .
From an optical imaging quality perspective, USBM images are characterized by low signal-to-noise ratio and affected by Speckle-like noise, and this increases the possibilities of confusing image artefacts with real ocular structures.
Corneal Topography
There is a wide variety of optical method to obtain 3D topographic information of the cornea, some of them are implemented on commercially available systems: specular reflection [17] , light scattering [18, 19] and keratometry [20, 21] . However, most of those methods are limited to surface information.
As this review is focused on those imaging techniques providing three-dimensional view of the corneal tissue, the highlighted topographic methods at macroscopic scale are Scheimpflug imaging and slit scanning elevation topography.
Slit Scanning Elevation Topography
Slit-scanning elevation topography (SCET) consists of the combination of reflection based on Placido disc principle and slit scanning capable of rendering a three-dimensional view of the cornea with topographic information about anterior and posterior corneal curvatures. SCET-based clinical systems provide biometric parameters such as best fit sphere, pachymetry, power maps, pre-refractive surgery assessment, among others [22, 23] . In clinical research, SCET technology [15] has been employed to evaluate the corneal morphology after photorefractive keratectomy, refractive surgery [24] or detection of keratoconus [25] .
Scheimpflug Imaging
Scheimpflug imaging technology (SIT) is based on a geometric principle that describes the orientation of the focus plane of an optical relative to the object plane [26, 27] . Scheimpflug corneal analyser systems are commercially available and well integrated in the clinical practice and ophthalmic research. This technique allows obtaining a 3D topographic data, corneal densitometry and pachymetry [28] .
The applications of SIT are wide in scope, the wide fieldof-view includes the iridocorneal angle and its topographic 3D resolution gives a comprehensive concept of corneal geometry with sensitivity to detect ectatic corneal diseases [29] , corneal assessment after keratoplasty [30] or spatial variation of corneal astigmatism [31] .
The densitometry capabilities have allowed the use of SIT to study the relationship between backscattered light and severity of Fuch's endothelial dystrophy with 3D resolution [32] .
However, its topographic power is limited when subtle morphological modifications are analysed, for example in corneal collagen crosslinking (CXL) treatment to delay the progression of keratoconus [32] .
This section deals with imaging methods with the ability to view the entire corneal surface; however, better spatial resolution and contrast mechanism are required for an accurate structural analysis of the human cornea.
Microscopic Techniques
The abovementioned macroscopic imaging modalities allow a fast and global assessment of the corneal transparency in a quantitative manner, quantitative topographic parametrization and diagnosis of corneal pathologies once the clinical signs are evident at that level of scale. However, due to the hierarchical structure of the cornea, the macroscopic changes observed as clinical signs have a temporal precedent at the microscopic scale as occurs in corneal oedema and keratoconus, and those imaging techniques are limited in resolution and do not provide structural visualization at microscopic ranges. In this section, the current imaging techniques for corneal analysis with 3D resolution at microscopic scale are discussed.
Optical Coherence Tomography
Optical coherence tomography (OCT) is an optical scattering method based on low-coherence interferometry capable of acquiring cross-sectional view and volumetric rendering of the anterior segment of the human eye with cellular resolution [33] [34] [35] . Due to its high-detection sensitivity, OCT technology allows detecting reflected signals of 5 × 10 −10 of the incident average laser power using only 20 μW [36] . The use of OCT in ophthalmology was first applied to visualize the human retina, emerging as a powerful complement of fundus photography in the interpretation and diagnosis of retinal diseases [37] [38] [39] [40] and assessment of cataracts [41, 42] .
In 1994, the anterior segment of the eye was analysed with lateral micrometric resolution OCT [44] . The advances in low-coherent sources together with the introduction of spectral domain technology allowed micrometric axial resolution, higher sensitivity and ultra-high speed 3D acquisition of the entire cornea [43] [44] [45] [46] [47] [48] [49] , the structural analysis of limbar region [47, [50] [51] [52] , to discriminate between normal and keratoconic corneas [53, 54] or to detect Fuch's dystrophy [55, 56] .
The large field-of-view (entire visualization of the cornea) and resolution place OCT technology in an intermediate podium between macroscale imaging techniques and highresolution microscopy. OCT imaging allows discriminating the corneal layers, but does not provide structural information about lamellar structure of the stroma, where the spatial distribution run orthogonally to the incoming illumination source.
Confocal Microscopy
Corneal confocal microscopy (CCM) is a non-invasive optical method based on the principle of confocality described by Minsky [57] in the late 50s. Briefly, the optical system is diffraction limited by incorporating spatial pinholes conjugating the illumination and sensing optical pathways. This configuration rejects out-of-focus light of the image plane, dramatically increasing the contrast and resolution of the micrograph.
As the illumination and detection correspond to a single point, the field-of-view is constructed by scanning the focal point across the sample. The imaged area depends on the magnification, working distance and numerical aperture of the objective and the scanners itself. The confocality allows optical sectioning of the tissue, and therefore threedimensional image reconstruction [58] .
The contrast mechanism is based on backscattered light from corneal structures, and considering that the optical transmittance of normal corneas is~99% [59] , the cornea is quasi-transparent to CCM imaging technique, however that small portion of reflected light and the lateral resolution of~1 μm/ pixel and axial resolution of~5-10 μm allows visualizing the cellular matrix: epithelium, Bowman's layer stromal cells and endothelium [60] [61] [62] . So far, CCM has been used in clinical practice in the detection and follow-up of corneal pathologies [63] , contact lens wearing, infectious processes [64] , refractive surgery [65, 66] or keratoplasty [62] .
Probably, the maximum potential of CCM is the capability of imaging corneal nerves related to systemic diseases such as peripheral neuropathy, diabetic neuropathy or Fabry's disease. Those diseases start with early damage to small nerve fibres modifying its morphology (see Fig. 4 ) that can be detected by CCM [67] [68] [69] .
The limiting factors are basically due to the speed of acquisition as involuntary eye movements, heartbeat or respiration may introduce artefacts and blur the images if the acquisition time per frame is slow. Regarding the structural information that can be imaged at microscale resolution, the 90% of corneal thickness corresponds to stroma, mainly composed of type-I fibrillar collagen, which is absolutely transparent to CCM technology.
Two-Photon Microscopy
Two-photon microscopy (2PM) consists on a powerful nonlinear auto-confocal optical method for imaging biological tissues without the need of staining procedures. Its inherent confocality brings optical sectioning capabilities with submicron spatial resolution, as out-of-focus photo-excitation does not occur. The contrast mechanism consists on the quasisimultaneous absorption of two infrared photons followed by the emission of a single visible photon. This vibrational conversion is only achievable using an ultra-short pulsed laser as excitation source [70] .
The optical configuration is similar to CCM being the main differences are the excitation source, the spectral filtering and the detection unit, using a photomultiplier tube instead of a scientific camera. Reproduced from Ruggeri and Pajaro [62] There are several 2PM signals but the most extended in 2PM of biological tissues are two-photon autofluorescence (2PA) and second harmonic generation (SHG). 2PA is similar to regular immunofluorescent imaging technique, providing high-resolution and high-contrast imaging of the cell matrix, but with endogenous origin, without the need of using fluorescent biomarkers and the absence of photobleaching effects [71] . SHG signal arises from the nonlinear interaction of the laser source with tissues composed of structural components with no-centrosymmetric architecture as type-I fibrillar collagen.
Both 2PA and SHG signals are complementary in analysing simultaneously all components of the different matrices (cellular and extracellular) in biological tissues as in the case of the cornea. The combination of both twophoton imaging modalities has been employed to assess human corneas prior to transplantation as 2PA provides metabolic information of cells and SHG structural organization of collagen fibres [72] .
However, SHG modality is the unique microscopy imaging technique able to visualize the 3D collagen architecture of the cornea [73] , allowing to understand the depth dependence of collagen organization, finding new details of the architecture at limbar area [74] , to characterize tissue-engineered corneas [75] or to adapt pulse attenuation in keratoplasty as the SHG emission is related to the optical properties and ultrastructure of the cornea.
On the other hand, SHG microscopy has demonstrated capabilities to discriminate between pathologic and healthy corneas in a quantitative manner [76] , providing an experimental pathological threshold to distinguish between pathological, damaged and normal corneal tissues based on the analysis of the anterior corneal stroma arrangement [77] .
Thus far, all studies dealing with 2PM on human corneal imaging have been carried out in vitro. A recent study has reported the first two-photon imaging microscopy of the living human cornea [78] showing for the first time the interwoven spatial arrangement of collagen with 3D resolution, as shown in Fig. 5 .
Similar to the new generation of CCMs, in vivo 2PM does not require eye contact, but also it has the same limitations in terms of image artefacts due to a minimum and required dwell pixel time to integrate enough signal. The main disadvantage of this imaging modality is the elevated cost of the illumination sources based on solid-state femtosecond lasers; however, the new generation of cost-effective fibre-based femtosecond lasers [79] could unleash this trammel and bring the new generation of portable two-photon microscopes.
The combination of polarization-modulation methods and TPM, known as polarization-sensitive two-photon microscopy (PSTM), has allowed computing the non-linear susceptibility tensor of type-I collagen forming the lamellae, the information encoded on this tensor is related to the ultrastructure of collagen and therefore, molecular structural information can be extracted from PSTM [80] .
However, the spatial resolution of this microscopy technique does not allow imaging that spatial scale, so nanoscopic techniques are required to acquire nano-imaging of the corneal structure.
Nanoscopic Techniques
The nanoscale is the last shackle to understand the hierarchical structure, optical transparency and biomechanics of the cornea. Thus far, there is no optical system capable of acquiring imaging with nanoscopic resolution of the living human cornea. In this section, the main optical technologies to study the nanoscopic structure of the cornea (in vitro conditions) will be described.
X-Ray Scattering
When X-rays pass through a scattering media as the corneal stroma, composed of collagen lamellae which is formed by collagen molecules and fibrils, a diffraction pattern is generated providing quantitative information on collagen organization, orientation and regular distribution within the lamellae [81] . X-ray scattering has allowed quantifying the interwoven lamellar arrangement at the anterior stroma [82] becoming on inferior-superior and nasal-temporal preferential orientations in the deeper cornea. At the periphery, just at the ends of those orientations, there exists a collagen network formed by collagen fibrils of larger diameters [83] forming a circum-corneal annulus at the limbus, whose arrangement plays a fundamental role on preserving the structural integrity of the cornea. The diameter of a collagen fibrils is about~30 nm and is formed by about 300-400 molecules with triple-helical structure [84] transferring a high strength to the fibril.
At microscopic scale, the corneal transparency can be defined as the absence of scattering; however, the corneal transparency is given by the ultrastructure of molecular collagen within the lamellae [86] .
The molecular explanation for corneal transparency is based on a hexagonal lattice organization in which the distance from adjacent fibrils is a fraction of the incoming wavelength, causing interference between fibrils that cancel the backward radiation and only forward radiation (see Fig. 6 ) reaches the retina through the cornea [85] .
Electron Microscopy
Electron microscopy (EM) uses a high-voltage accelerated electrons beam as excitation source. The wavelength of this type of illumination can be up to 5 orders of magnitude shorter than visible light achieving a resolution capable of imaging the ultrastructure (atomic resolution) of practically any biological tissue [87, 88] . The ultra-high resolution of EM technique achieved a redefinition of the well-known 5-layered corneal structure [89] (epithelium, Bowman's layer, stroma, Descemet's membrane and endothelium) with extremely ultra-high resolution. Moreover, it redefined the cornea as 6layered structure considering the basement membrane of the epithelium as the sixth due to its importance and response to pathological processes. As a consequence, it proved the separation of the stroma into dermal and mesodermal portions.
EM investigations have focused on complicated pathological processes such as endothelium degeneration, epithelial bullous formation as a consequence of corneal oedema or sub-epithelial vascularization and scarring [89] .
The main limitation of EM technique is the difficulty to be applied in vivo, together with the cost and dimensions as it requires an isolated chamber from electromagnetic and vibrational interferences and the risk of scattered radiation of electrons.
Atomic Force Microscopy
Atomic force microscopy (AFM) is a modality of scanning probe microscopy [91] achieving 3D topographical imaging at nanometric resolution. The imaging resolution can isolate single corneal collagen fibrils, this allowed to narrow the fibril diameter range about 48-113 nm [92] . The 3D capabilities are unique as the technique continuously tracks the axial position of the surface profile of the specimen, which makes AFM technique an ideal candidate for the 3D study of the corneal human stroma at nanoscopic resolution. It might help on the better understanding of the relationship of fibrils organization and optical properties of the cornea.
AFM presents complementary abilities (such as force measurement) allowing the technique to investigate the corneal biomechanics and viscoelastic response at micrometric levels [93] .
As a result of the Nobel Prize in 1986, AFM has emerged as a one of the most important imaging techniques providing nanometric imaging of biological tissues. AFM has already been reported in 3D imaging of living neurons [94] and allows non-contact modality based on resonant-frequency vibrational mode. However, it is still far from in vivo corneal imaging due to the slow scanning rate and the need of an ultra-sensitive and precise feedback loop to monitor the exact position between the detector and the corneal surface.
Discussion and Conclusions
Figures 7 and 8 summarizes the reviewed imaging technologies to analyse the hierarchical structure of the human cornea; the classification has been carried out in a homologous way, attending at three fundamental levels of analysis: macroscopic, microscopic and nanoscopic. Although certain macroscopic techniques can eventually be used to obtain microscopic information of the cornea, the 'cutoff' line implies that each group is endowed with full three-dimensional capabilities. Mathematical computed interaction of the collagen fibrils with the incoming electromagnetic field. The cross-sectional of the collagen fibrils are represented in brown. All fibrils are 31 nm in diameter and the distance between fibrils is not closer than 62 nm. In blue, the intensity of the secondary radiation from the fibrils is represented in blue. As can be seen, only forward radiation from all fibrils contribution remains and no backward radiation appears due to the interference of scattered radiation between fibrils. Scale bar 500 nm. Reproduced from Meek and Leonard [85] It is not arbitrary that the greatest extent of clinical instrumentation is located in an intermediate point between macroscopic and microscopic techniques since those technologies provide the supreme capacity in clinical practice: imaging of the living tissue.
A clinical emergency on corneal injuries requires of experienced clinician, fast response and technology for global assessment and certain decisions. In this context, the macroscopic technologies play a fundamental and undisputed role.
However, in long-term pathological processes, these macroscopic methods are insufficient for an exhaustive diagnosis. For instance, the very early stages of progressive keratoconus start with collagen remodelling within the stroma without modifying the corneal transparency and significant alteration of corneal curvature due to the changes occur at microscopic scale. The sense of hierarchical structure can be translated to an early detection if the concept of corneal architecture is well understood.
The physiological integrity of the cornea depends on the biomechanics, which is usually measured with macroscopic techniques [96, 97] . However, the lamellar structure is the results of fibre collagen packaging providing strength and elasticity which can be analysed at microscopic scale.
However, the organization of the collagen fibres is conditioned by the molecular scale of fibrillar collagen, in other words, if the lamellae shows an alteration on its architecture, this is due to prior molecular disorders.
At macroscale, a corneal opacity [98] presents clear signs: whitish tissue, possible oedema and loss of vision. However, the loss of transparency could not be so obvious and only present backscattering light from corneal particles at microscale. However, the origin of the corneal transparency, in absence of trauma, chemical or mechanical injuries, lies in the molecular spatial domain.
In this review article, the main imaging techniques to analyse the corneal tissue with three-dimensional capabilities have been discussed. These techniques have been grouped attending at the scale level of analysis: macroscopic, microscopic and nanoscopic.
Although the most of mentioned imaging systems do not have a common technological origin, the main conclusion is that the way to understand the optical properties, biomechanics, physiological and immunological processes of the complex corneal tissue at the same level of knowledge the hierarchical structure of the cornea must be investigated with converging technology from macroscale to nanostructure.
Acknowledgements The authors would like to thank Dr. Oscar del Barco for his support in reviewing the manuscript.
Authors' Contributions FA wrote the manuscript. JA, MVC, MCM and LR reviewed and contributed in the organization of the imaging techniques according to the hierarchical level. 
Compliance with Ethical Standards
Ethics and Approval and Consent to Participate Not applicable.
Consent of Publication Not applicable.
Availability of Data and Materials Not applicable.
Conflict of Interest
The authors declare that they have no conflict of interest.
